We developed a DNA microarray for identification of Bacillus anthracis and other phylogenetic groupings within the ''Bacillus cereus group''. Nucleotide sequences of 16S-23S ribosomal DNA internal transcribed spacers containing genes for tRNA
Introduction
Bacillus anthracis is a notorious bioweapon agent due to its capability to cause lethal inhalational anthrax and to persist as environmentally resistant endospore. B. anthracis virulence is primarily determined by information encoded on two plasmids, pXO1 and pXO2 [1, 2] . High similarity of chromosomal genes reflects the close phylogenetic relatedness of B. anthracis to B. cereus, a ubiquitous soil bacterium and opportunistic pathogen causing food poisoning, and to B. thuringiensis, an insect pathogen applied as a biological pesticide [3, 4] . While strains of the latter two species form a diverse assemblage, B. anthracis is a genetically remarkably homogeneous pathogen that only recently evolved from a B. cereus-like ancestor [3, [5] [6] [7] . The monophyletic clade termed ''Bacillus cereus group'' additionally encompasses B. mycoides and the more recently described species B. pseudomycoides and B. weihenstephanensis [8] [9] [10] . These six species are not easily distinguished. Traditionally, their differentiation has relied on various phenotypic characteristics, which, however, are not always unambiguously conclusive. Naturally occurring plasmid-free, avirulent strains of B. anthracis and B. thuringiensis may be particularly difficult to identify [4, 8] . More recently, pXO1 and pXO2 plasmid genes including anthrax toxin genes were detected in B. cereus [6, 11, 12] . Definitive naming even of avirulent strains found during environmental surveys is not merely of academic interest, but may result in significant financial or political consequences [8, [13] [14] [15] . Accordingly, considerable effort has been invested in the development of suitable molecular approaches for the identification of species in the B. cereus group, and several protein-coding genes have proven useful chromosomal markers [16] [17] [18] [19] . Intergenic transcribed spacers (ITS) between 16S and 23S rRNA genes, which have been used for differentiation of various bacterial species, had previously been reported to be almost invariant within the B. cereus group [20, 21] . However, most bacterial genomes contain multiple rrn operons that may differ in nucleotide sequence [22, 23] , and, more recently, species specific sequences were reported for particular ITS loci that contain tRNA genes [3, 24, 25] .
In the present study, we exploited species specific sequence signatures in ''long ITS'' containing genes for tRNA
Ile to design a set of oligonucleotide probes for microarray-based identification of species and subspecies clades in the B. cereus group. DNA microarrays enable highly parallel nucleic acid hybridization of hundreds to thousands of oligonucleotides on a small surface area [26] . They provide for high throughput genotyping and have been applied for microbial pathogen detection in some recent studies [27] [28] [29] [30] [31] [32] [33] .
Materials and methods

Bacterial strains, cultivation, and DNA extraction
Bacterial strains are listed in Table 1 . Strains designated ÔDSMÕ were purchased from the Deutsche Sammlung von Mikroorganismen und Zellkulturen (DSMZ, Braunschweig, Germany) and cultivated according to the DSMZ catalogue. B. cereus ATCC 10987 was purchased from the Netherlands Culture Collection of Bacteria (Utrecht, The Netherlands) as NCCB 72001 and cultivated on peptone agar (5 g/l peptone, 3 g/l meat extract, 15 g/l agar) at 30°C. Forty-nine B. anthracis strains (designated ÔAÕ) and twenty related strains (ÔBÕ) from the collection at the Universität Hohenheim were cultivated on Tryptic Soy Broth (Oxoid) at 30°C. Bacterial DNAs were extracted from 1 ml of liquid cultures after incubation for six hours using the DNeasy Tissue Kit (Qiagen, Hilden, Germany). Genomic DNAs from B. anthracis 2157, Mali1, and DU III-7 were gifts from D. Jacob and H. Ellerbrok (Robert Koch Institute), respectively. For preparation of Bacillus spores, DSM 31 and DSM 90 were cultivated on peptone agar containing 10 mg/l MnSO 4 AE H 2 O at 37°C for two days and then stored at room temperature for three weeks. Spores were harvested with 2 ml of phosphate-buffered saline (PBS; 130 mM NaCl, 10 mM sodium phosphate (pH 7)), washed with 2 ml of PBS, and resuspended in 1 ml of PBS. Purity of spore preparations was controlled microscopically and spore concentration determined by triplicate serial dilution and plating on peptone agar. , and a final elongation step (7 min at 72°C). Amplification products were purified using the QIAquick PCR Purification Kit (Qiagen, Hilden, Germany). Sequence analysis was performed on PCR products generated with unlabeled primers by applying the ABI BigDye 3.1 Cycle Sequencing Kit (Applied Biosystems) and an ABI Prism 3100 capillary sequencer (Applied Biosystems). For preparation of single-stranded, fluorescently labeled DNA, purified amplification products were incubated with streptavidin-coated paramagnetic beads (Roche Diagnostics, Mannheim, Germany) in TEN 100 (10 mM Tris-HCl, 1 mM EDTA, 100 mM NaCl, pH 7.5) for 30 min at room temperature. The beads were washed twice with TEN 1000 (10 mM Tris-HCl, 1 mM EDTA, 1 M NaCl, pH 7.5) and incubated with 100 mM NaOH for 3 min to denature the bound DNA. The supernatant was transferred to a new vial and neutralized by adding 200 mM HCl [34] . The DNA concentration was determined spectrophotometrically.
Probe design and microarray fabrication
Sequences of oligonucleotide probes are listed in Table  2 . The specificity of the probes was checked by using the BLAST program [35] on the GenBank database at NCBI (Washington, DC, USA). Oligonucleotides were commercially synthesized and 5 0 -biotin-modified (Roth, Karlsruhe, Germany). For immobilization of 5 0 -biotinmodified oligonucleotides, conventional glass microscope slides (26 · 76 mm; Roth, Germany) were silanized and coated with neutravidin. The silanization procedure included incubation steps in concentrated sulfuric acid with 10% hydrogen peroxide for 5 min, in 5 M NaOH for 1 h, and in 10% aminopropyltriethoxysilane (APTES; Fluka, Neu-Ulm, Germany), pH 3.5, for 2 h at 80°C. The slides were washed in H 2 O, dried at 100°C, and incubated in neutravidin solution (0.2 mg/ml) for 2 h at room temperature. Subsequently, they were washed in doubledistilled H 2 O three times and dried by centrifugation at 1000g for 10 min. Droplets (0.6 nl) of oligonucleotide solutions (10 lM in H 2 O) were transferred onto the prepared slides by using the piezoelectric dispensing system TopSpot Modular Arrayer (HSG-IMIT/IMTEK, Germany) according to the layout illustrated in Fig. 2 . The distance between spots was 500 lm. The microarray slides were air-dried and stored at room temperature (see Table 2 ).
Microarray hybridization
Microarray slides were prehybridized in 1% bovine serum albumine, 0.75 M NaCl, 75 mM sodium citrate, 0.1% sodium dodecyl sulfate at 46°C for 60 min, and then washed with double-distilled H 2 O three times, rinsed with 99% isopropanol, and dried by centrifugation at 600g for 1 min. Hybridization solution (21 ll) containing approximately 600 fmol single-stranded, 5
0 -Cy5-labeled PCR product and 100 fmol of 5 0 -Cy3-labeled control oligonucleotide RC-BWM-111 (ATA-AATTCCGCAATTTGTATG) in hybridization buffer (5 M NaCl, 1 M Tris-HCl (pH 8.0), 1% sodium dodecyl sulfate) was incubated in boiling water for 3 min, briefly centrifuged, applied onto the surface of a microarray slide, and covered with a Lifterslip cover slip (22 · 22 mm; Erie Scientific, Portsmouth, NH, USA). The slide was placed into a polycarbonate hybridization chamber (Corning, Wiesbaden, Germany) and incubated in a waterbath at 46°C for 1 h. Subsequently, the slide was washed in 50 ml of washing buffer (20 mM Tris-HCl, 5 M NaCl) at 46°C for 30 min, washed with doubledistilled H 2 O three times, rinsed with 99% isopropanol, and dried by centrifugation at 600g for 1 min.
Image acqusition and data analyses
Microarrays were scanned at wavelengths 532 and 635 nm at 16-bit resolution and 10-lm spatial resolution using a Genepix 4000B confocal scanner (Axon Instruments, Union City, CA, USA). Pixel intensities were determined for each probe spot and local background subtracted using Genepix Pro 4.1 software (Axon Instruments). The hybridization signal at a particular probe was considered positive if: (i) the fluorescence intensity was larger than three times the neighboring background intensity [36] and (ii) the background-corrected signal was at least two times that at corresponding mismatch control probes. For display as bar diagrams, background-corrected signal intensities at all probes were normalised to that at the group-specific probe Bactwmp-1242-A5. For display as overlay images, individual wavelength 16-bit images were compressed into 8-bit images by square root transformation.
Nucleotide sequence accession numbers
The EMBL accession numbers for sequences reported in this study are AJ841817-AJ841895. 
Results and discussion
Nucleotide sequences and the specificity of primers and probes
Our newly designed PCR enabled the specific amplification of the upstream region of the long ITS containing tRNA
Ile genes from all strains of the B. cereus group that were tested. The amplified segment had a length of approximately 560 basepairs and included the 3 0 end of the 16S rRNA gene, part of the tRNA Ile gene, and the highly variable region in between. PCR products from the B. cereus group were sequenced. In the segment analysed, 16S rRNA genes were identical among all strains except for nucleotide positions 1118 (Escherichia coli 16S rRNA nucleotide numbering [37] ; T in B. pseudomycoides, A in all others) and 1452 (A in B. mycoides and B. weihenstephanensis, deleted in B. cereus ATCC 10987, T in all others). In contrast, sequences of long ITS were more variable, with 25 polymorphic positions in the stretch of 130 nucleotides that was investigated. ITS sequences were included in a phylogenetic analysis (Fig. 1) . The overall topology of the resulting phylogenetic tree is congruent with previous results based on sequence analyses of groEL and sodA genes [18] . Four phylogenetic clusters are apparent, one encompassing B. anthracis and B. cereus strain ATCC 10987, a second cluster encompassing B. cereus and B. thuringiensis (including the corresponding type strains), a third cluster of B. mycoides and B. weihenstephanensis, and a separate, deeply branching cluster of B. pseudomycoides. Within the clusters of B. cereus/thuringiensis and B. mycoides/weihenstephanensis, respectively, little correlation exists between species designations and phylogenetic relationships (Fig. 1) . This finding is consistent with previous results based on analyses of various genetic loci [3, 4, 18, 24, 38] and suggests the need for taxonomic revision.
Newly determined ITS sequences from 52 B. anthracis strains were identical to those from seven other strains published previously ( [3, 24] ; http://www. ncbi.nlm.nih.gov/genomes/microbes/complete.html), reconfirming the genetic homogeneity of this species. However, B. cereus ATCC 10987 is very closely related to B. anthracis. This phylogenetic relationship is also reflected in a large number of shared chromosomal genes [3] and in identical amino acid sequences of several proteins [4] . Interestingly, this particular strain was recently demonstrated to be slightly susceptible to the PlyG lysin isolated from the c bacteriophage of B. anthracis [39] . The c phage is generally thought to be specific for B. anthracis and is routinely used for its identification [8] . Hence, this strain is particularly difficult to distinguish from B. anthracis both on genetic and phenotypic grounds, even though it does not cause anthrax. Crucial for the suitability of sequences of long ITS for species discrimination within the B. cereus group, the sequence AAAAA at nucleotide positions 75-79 (nucleotide numbering for long ITS from B. anthracis 7700 [24] ) cannot be considered a signature for B. anthracis alone as suggested previously [24] , since it is common to closely related B. cereus strains ATCC 10987 and G9241 [6] as well. However, B. anthracis can still be distinguished from the latter on the basis of characteristic nucleotides at positions 121 and 213-214.
On the basis of sequences for 16S rRNA genes and long ITS containing the genes for tRNA Ile , a set of 25 oligonucleotide hybridization probes was designed for the detection and discrimination of B. anthracis and phylogenetic groupings within the B. cereus group (Table 2). Probe Bactwmp-1242 is considered specific for the entire B. cereus group. It matches the 16S rRNA genes from all bacteria in the B. cereus group, has one mismatch to Planococcus sp., and two or more mismatches to all other currently known 16S rRNA genes from bacteria. The other probes target three regions of long ITS from different phylogenetic clusters within the B. cereus group as specified in Table 2 . In addition, 17 control probes with single, central mismatches to the target DNAs were designed (Table 2) . Probes Bct and Ba differ at one nucleotide position and thus perform as mutual mismatch control probes.
Hybridization results
In hybridization experiments, all target DNAs that were applied formed detectable duplexes with the respective complementary probes immobilized on the microarray slide (Figs. 2 and 3) . Strains of B. anthracis were discriminated from other species including closely related B. cereus ATCC 10987 (Fig. 2) . Control experiments with DNA from Yersinia pseudotuberculosis DSM 8992, B. subtilis DSM 10 and B. megaterium DSM 90 (Fig. 4) did not result in hybridization signals at any of the probes.
Single mismatches between target DNAs and probes could be discriminated in all cases but one (Figs. 2 and  3 ), indicating high hybridization specificity. Mismatches at distal nucleotide positions may be difficult to resolve, as exemplified with probe Bct-113 which yielded strong signals upon hybridization to DNA from B. pseudomycoides (Fig. 3) , even though it displayed two mismatches at probe positions 21 (ultimate position; T-T mismatch) and 17 (G-T mismatch). Single mismatches at the ultimate position are known to have little effect on duplex stability [40] , and guanine and thymidine can form stable, non-canonical basepairs. However, hybridization signals were decreased sufficiently to restore specificity when the probe sequence was shifted in relation to the target by only one nucleotide (probes Bct-112 and Bct-112-B), causing the mismatches to the target to move to probe positions 20 (penultimate) and 16, and introducing another mismatch (A-A) at the now ultimate position (Fig. 3) . Hence, the identification of species and clades through microarray hybridization as specified in Table 1 was straightforward.
Hybridization signals obtained with Bactwmp-1242 were less intense than those from the other probes (Figs.  2 and 3) . Therefore, this probe was extended with oligoadenylate spacers at its 5 0 -end to support hybridization, presumably by decreasing steric hindrance [41] . Indeed, when we compared spacers of three different lengths (A 5 , A 10 and A 20 ), we observed increasing hybridization signals with increasing spacer length (Figs. 2 and 3) . However, signals at mismatch-control probes also increased with spacer length and mismatch discrimination did not improve beyond five adenylates. Moreover, signals at mismatch-control probe Bactwmp-1242-MM-A 20 almost reached the same level of intensity as fully matching probes targeting various ITS regions, independent of the hybridized target DNA (Fig. 3) . Hence, for adjustment of signal intensities among the different probes, extension of Bactwmp-1242 with a spacer of five to ten adenylates was optimal (Fig. 3) .
Detection sensitivity
Bacillus spores directly applied to PCR reactions without prior DNA extraction resulted in successful amplification of ITS segments and subsequent microarray analysis (Fig. 4) . This is an advantageous feature of PCR-based methods, since in a suspected terrorist attack the material to be analysed likely would not contain vegetative bacteria but spores, and the omission of extraction steps will save time and simplify instrumentation [42] .
In analyses of environmental samples, the presence of indigenous bacteria may interfere with the detection of nucleic acids from biothreat agents. When we applied mixed spore preparations from B. cereus DSM 31 and B. megaterium DSM 90 as templates for PCR amplification, our assay enabled identification of 10 3 or more spores of B. cereus in a background of 10 5 spores of B. megaterium DSM 90, with fluorescence intensities at all matching probes larger than three times the neighboring background intensity. Only when less than 10 3 B. cereus spores were applied in a background of 10 5 heterologous spores, signal-to-noise ratios decreased to lower levels, impeding unequivocal detection of hybridization signals (Fig. 4) . Hence, this assay allows to identify spores of the B. cereus group even if they account for only a minor component (1%) of the mixture.
Conclusion
The newly designed DNA microarray could be used for identification of B. anthracis and other phylogenetic clusters in the B. cereus group. Several probes redundantly targeted several regions of each bacterial DNA, increasing the robustness of the assay. Probes for more conserved sequence stretches yielded groupspecific information and will likely enable the detection of currently unknown genotypes in the future. Usage of ITS for microarray-based bacterial identification is particularly advantageous, because it is surrounded by conserved genomic regions (i.e., genes for rRNA, tRNA) and hence can be easily PCR-amplified from a larger spectrum of bacteria by using conserved primers. Ultimately, DNA microarrays may be used as rapid tools for detection of biohazard agents and for identification of bacteria in clinical and environmental studies. However, the widespread and routine use of diagnostic microarrays in the future will depend on the availability of robust and cost-effective platform technologies [33, 43] . 
